We propose a way to enhance the strength of self-generated magnetic field from laser-plasma interactions by incorporating the combined role of pulse asymmetricity and plasma inhomogeneity. The pulse asymmetry combined with the plasma inhomogeneity contributes for strong nonlinear current within the pulse body; consequently, a stronger magnetic field can be produced. The nature of self-generated magnetic field is "Quasistatic" that means the self-generated magnetic field varies on the time scale of the period of laser radiation. Our results show that the magnetic-field generated by a temporally asymmetric laser pulse is many-folds higher than the magnetic-field generated by a symmetric laser pulse in plasmas. The present study predicts the generation of magnetic field of the order of 15 T for the laser intensity of $10 14 cm
À2
. Our study might be applicable to improve the accelerated bunch quality in laser wakefield acceleration mechanism. V C 2016 AIP Publishing LLC.
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I. INTRODUCTION
Magnetic field generation is significant and interesting in the field of laser-plasma interaction because the magnetic field greatly affects the plasma dynamics; consequently, it plays a key role in the plasma-based particle accelerators, [1] [2] [3] [4] [5] the formation of plasma channel in context of the fast ignition of fusion target, [6] [7] [8] [9] [10] [11] [12] and the process of radiation generation when ultrafast laser interacts with a plasma. [13] [14] [15] [16] [17] [18] [19] [20] In laser-plasma interaction, nonlinear current generates through various phenomena including non-parallel electron density, temperature gradient in ablated plasma, anisotropic electron pressure due to collisional absorption of driver laser pulse, and strong axial flow of electrons which further leads to selfgenerated magnetic field.
In the past, many efforts have been done to study the mechanism of self-generated magnetic field with selfconsistent theory and simulations [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] and scaling laws, in the previous study, concluded that the self-generated magnetic field depends on the laser intensity, background plasma density, and density gradient length. The origin of strong magnetic field was suggested as the temporal variation in ponderomotive force and spatial density gradient in a plasma by numerical simulations. 36 A nonrelativistic approach for self-generated magnetic field in an inhomogeneous plasma was proposed by Tripathi and Liu. 37 In that work, they considered an amplitude modulated (transversely filament) laser in an inhomogeneous plasma for quasistatic magnetic field generation in an underdense plasma. We emphasis their work to propose a way to enhance the strength of the quasistatic magnetic field in an inhomogeneous plasma by a temporally asymmetric laser pulse (with a sharp rise time and a slow fall time scale). Self-generated magnetic field by relativistic ponderomotive force in an underdense plasma was discussed by Lehner. 38 It was suggested that the induced magnetic field is not linear with laser intensity and the formula was found to be fit with some experiments in the domain of laser intensity of I L % 10 10 W=cm 2 À 10 13 W=cm 2 . The self-generated magnetic field in an underdense plasma has also been reported by the inverse Faraday Effect (IFE) when a circularly polarized laser pulse propagates through a homogeneous plasma. 39 IFE is the phenomenon where a magnetic field is created in a medium due to the rotation of the electromagnetic field. The strong axial currents, due to the flow of relativistic electrons, axially co-moving with the pulse may generate a strong magnetic field. 40 The hot electrons generated due to resonance absorption are accelerated in the direction of the density gradient which in turn produce an inward flow of cold electron current (return current), hence, producing a toroidal magnetic field. 41 Recently, kilo-Tesla magnetic field has been generated using a capacitor-coil target, in which two nickel disks are connected by a U-turn coil. Kilo-Joule (nanosecond) laser pulses are focused onto the first disk through a hole in the second disk. A plasma is generated at the first disk and the superthermal hot electrons with temperatures exceeding 10 keV are emitted from the plasma corona. The hot electrons stream downs the electron density gradient ahead of the expanding plasma plume and impacts the second disk. The second disk acquires a negative charge and a large electrical potential develops between the disks. That potential difference drives a current in the U-turn coil. In a result, a strong magnetic field pulse is generated in the coil. 42 Nuclear fusion with confinement by available kilo-Tesla magnetic fields allows improved performance for inertial confinement fusion. The combination of this approach with the established ultrahigh laser acceleration of plasma blocks driven by nonlinear (ponderomotive) forces of pico-second laser pulses of terawatt power may permit high gain boron-11 fusion with protons. 43, 44 In this paper, we propose two-dimensional particle-incell (2D-PIC) simulations to investigate the large-scale magnetic field in a plasma density-gradient by a temporally asymmetric laser pulse. As the symmetric laser pulse propagates through a plasma, it becomes asymmetric due to the combined effect of nonlinearity-induced self-focusing and dispersion. Ionization induced rarefaction and blue shifting may also cause some steepening of the pulse. The energy content in asymmetric pulse is overall same as in symmetric pulse, but due to steepening, the energy content per unit area in leading pulse edges would be more in comparison to trailing pulse edge. Consequently, the short leading edge of the pulse exerts a stronger ponderomotive force on the electrons in upward density ramp plasma, which results in a stronger nonlinear current within the pulse body. Strong nonlinear current leads to about twofold or a reasonable increment in the strength of self-generated magnetic field. In this work, it has been reported clearly that the combined effect of plasma inhomogeneity and laser pulse asymmetricity can reasonably enhance the self-generated magnetic field in laser-plasma interactions. This scheme to generate a large scale magnetic field from laser plasma interactions might improve the trapping or injection mechanism of charge particles in laser wakefield acceleration, which might improve the accelerated beam quality. The work of this article is organized as follows: PIC simulation details are given in Sec. II. A simple problem formulation is described in Sec. III and the corresponding PIC simulation results are explained in the Sec. IV. Finally the conclusions are summarized in Sec. V.
II. PIC SIMULATION DETAILS
For our studies, we used the fully relativistic 2D PIC code named cpl-PIC, which was developed at UNIST. 45 In this code, we employed the commonly used finite-difference time domain (FDTD) method based on a Yee-mesh 46 for the field calculations. The fields on particles are area (volume)-weighted in the rectangular meshes. The new feature of the code is that the simulation particles adhere to the cell, so that a pair of particles close to each other can be found readily without any separate sorting algorithm, which endows a significant convenience in Monte Carlo calculation of the Coulomb collisions. The electric and magnetic interlace in the space and time domains to ensure the second order accuracy. For kinetic part of the code, the velocity and position of the simulation particles are calculated using the Boris scheme and leap frog methods, and the VillasenorBuneman 47 scheme was used to calculate the current generated from the simulation particles. Finally, the fields applied to the particle are linearly interpolated from the mesh values. The code employs a moving window that moves along the x-axis at the speed of light. The code was tested and compared with the well-known PIC code such as XOOPIC 48 for several typical laser-plasma parameters, which showed excellent. A detailed explanation and some benchmarks of the PIC code are described in Ref. 49 . It should be noted that this PIC code has been successfully used in underdense plasma simulations in our previous publications. [49] [50] [51] In order to execute our idea, we run 2D-PIC simulations for laser-pulse (with symmetric and asymmetric profile) propagation in an inhomogeneous plasma for different laser and plasma parameters. The symmetric laser pulse with a Gaussian shape has a pulse duration of 165 fs, and the asymmetric pulse has several different ratios of rising and falling times. Laser pulse duration was set according to the total length of the plasma density ramp to get the self-generated magnetic field within the pulse body and to avoid the effect of wakefield. If we reduce the pulse length, self-generated magnetic field would not be observed due to the narrow plasma inhomogeneity region for short laser pulse. In both cases, we launch a laser pulse in XY plane with normalized vector potential of a 0 ¼ 0:3, focused to a spot size of r 0 ¼ 10 lm and a wavelength of k 0 ¼ 1 lm. Here, the normalized vector potential is defined by a 0 ¼ eE=mxc, where E is the laser electric field, x is the laser frequency, and e and m are the electron charge and mass, respectively.
In symmetric pulse, the leading pulse edge time and trailing pulse edge time are same but for asymmetric pulse case the trailing pulse edge time has made longer in comparison to leading pulse edge time. Here, the laser pulse is supposed to be short in comparison to characteristic ion frequency x À1 i (x i is the plasma ion frequency) and long in comparison to electron plasma frequency ðx e Þ so that the effects produced by the plasma wave are absent. The laser pulse propagates along the x-direction through a plasma slab having dimensions of 100 lm in longitudinal direction and 50 lm in transverse direction with a background density of n 0 % 10 19 cm À3 . For inhomogeneous plasma density region, we introduced a density ramp (of 50 lm) in the starting of the plasma slab and remaining distance the density was taken homogeneously. The grid resolution was set as Dx ¼ k=20 and Dy ¼ k=4, where k is the wavelength of the laser. If we calculate the electron cyclotron frequency corresponding to the observed magnetic field in present PIC simulations, we find that it is less than the plasma electron frequency even if the magnetic field is more than 100 T. This justifies the well resolved simulation results for the used grid dimensions and particle per cell. 50, 52 The simulation time step was 1:65 Â 10 À16 s, which satisfies the Courant condition marginally so that the numerical dispersion is as small as possible. To resolve laser pulse and plasma fluctuations, we used five particles per cell for present set of simulations. For comparative study, we have simulated for both symmetric and asymmetric pulses. Fig. 1 shows the schematic of the scheme, where the laser pulse indication regions are defined.
III. MATHEMATICAL FORMULISM
Normally, when a linearly polarized symmetric laser pulse propagates in a homogeneous plasma, the net current inside the pulse body is always zero; consequently, the selfgenerated magnetic field will also be zero. In general, the magnetic field produces due to the inhomogeneity of both the electron density and the intensity of the laser beam. If there is no such inhomogeneity in plasma, the latter will contribute nothing. Thus, the implications of a strong magnetic field can be expected by an asymmetric laser pulse.
Temporally asymmetric shape of the pulse implies that the rise time of the leading edge of the pulse is much smaller than the fall time of the trailing edge. We employ an asymmetric laser pulse to enhance the magnetic field strength in a plasma. A strong ponderomotive force due to the short leading front of the propagating laser pulse drives out the local electrons, imparting on them a stronger drift velocity. Thus, a large current density will be rotational because the equilibrium density gradient is parallel to the ponderomotive force, producing a large-quasistatic magnetic field. The physics behind this can be understood as follows:
Consider the propagation of a temporally asymmetric Gaussian pulse of electric field E L ¼ẑE 0 expðÀy 2 =r 2 0 Þ Â exp ðt À t 0 =t r Þ 2 Â sinðxtÞ ; when 0 < t < 2t r & t 0 ¼ 0 and zE 0 expðÀy 2 =r 2 0 Þ Â exp ðt À t 0 =t t Þ 2 Â sinðxtÞ; when 2t r < t < 2t r þ 2t t , where E 0 is the peak value of electric field is, t 0 is the laser pulse duration, t r is the rising pulse edge duration, t t is the trailing pulse edge duration, and x is the laser frequency. For symmetric laser pulse profile, the rising pulse edge duration will be equal to trailing pulse edge duration and for an asymmetric laser pulse profile, the rising pulse edge duration will not be equal to trailing pulse edge duration. A symmetric laser pulse can become asymmetric due to a strong plasma inhomogeneity, backscattering of the laser light, or nonlinear self-modulation and compression of the pulse front. Here, we consider an inhomogeneous background plasma density profile with an upward density ramp in the propagation direction of the laser pulse. Inhomogeneous plasma density profile is represented as n 0 ðxÞ ¼ n 0 0 ð1 þ x=d l Þ in the propagation direction of the laser pulse, where d l is the density gradient length and n 0 0 is the initial electron density. In general, for homogeneous plasma, a lineally polarized laser pulse does not produce a magnetic field in nonrelativistic case, but a circularly polarized laser pulse can do so because of azimuthal current. If we introduce a plasma inhomogeneity, then there will be some nonlinear rotational current within the region of pulse body, which further generates a quasistatic magnetic field. The ponderomotive force arises from the intensity gradient of the laser pulse. And the electron oscillations in such a field quiver faster in high intensity region than the low intensity region of the pulse. Laser intensity varies in radial direction and also in the propagation direction of the laser beam; therefore, the electrons experience a radial ponderomotive force as well as a longitudinal ponderomotive force. By solving the equation of motion (having inertia term in one side and the Lorentz force on other side), one can obtain the response of electrons to the electromagnetic field. The Lorentz force, i.e., Àe ðt ÂB L Þ, pushes the electrons in the direction of the propagation vector ( k) of the field, whereB L is the laser magnetic field corresponding to the given electric field. The phase oft andB L is such that the electron motion does not average out to zero over an oscillation, but there is a secular drift along the direction of the propagation vector of the field. Thus, the ponderomotive force produces a resultant drift velocity component at second-fold of the fundamental frequency in the propagation direction of the laser pulse (or in x-direction), which can be calculated by the equation of motion. Using the linear perturbation technique, we obtain the drift velocity associated with the ponderomotive force as
The drift velocity associated with the ponderomotive force contributes in generation of a nonlinear current. Thus, in a result, a nonlinear rotational current associated with this electron velocity component can be generated. This nonlinear current can be given by J NL ¼ Àn 0 ðxÞ e t p or J NL ¼ n 0 ðxÞe 3 E 2 L k=4m 2 x 3 . The nonlinear current driven by the ponderomotive force produces electric and magnetic fields, respectively. Using relevant Maxwell equations, one can find out the self-generated magnetic field associated with the nonlinear rotational current generated within the laser pulse length. When an asymmetric short laser pulse propagates along the direction of density gradient (rn 0 jjx) in a plasma, it imparts a stronger ponderomotive force on the plasma electrons due to the short leading front of the laser pulse. In general, the ponderomotive force is a volume force, i.e., a nonlinear force acting on plasma electrons per unit volume. Therefore, the ponderomotive force can be written as F NL ¼ Àðx 2 p =x 2 Þ$ðe 0 E 2 =2Þ. As the pulse propagates inward in the plasma inhomogeneity region, the electrons in the front of the laser pulse experience stronger ponderomotive force in comparison to the tail of the pulse. The steeped leading pulse edge exerts a stronger ponderomotive force on the electrons in upward density region of interaction, which results as a stronger nonlinear current within the pulse body. Thus, the plasma inhomogeneity combined with the pulse asymmetry imparts a strong ponderomotive force. Strong ponderomotive force produces larger nonlinear rotational current which further enhances the strength of quasistatic self-generated magnetic field. Fig. 2(a) shows the self-generated magnetic field by a symmetric laser pulse for a 0 ¼ 0:3 with 50 lm length of plasma density-gradient (where the equilibrium plasma density is n 0 % 10 25 m À3 ). PIC simulations show that the maximum magnitude of the self-generated magnetic field is about 6 T for symmetric pulse, when laser pulse has traversed 50 lm distance in a plasma. Initially, when a laser pulse is just launched in a plasma, the magnitude of self-generated magnetic field is very small because of the trivial nonlinear current density within the pulse body. The current density will be increased as the laser pulse traverses more in a plasma due to the density gradient (with positive slope) considered in plasma profile. To observe the contribution of the pulse asymmetry in magnetic field generation, we repeat these simulations for an asymmetric laser pulse. Figure 2(b) shows the strength of the magnetic field by an asymmetric pulse for the same parameters those were used previously. The maximum magnitude of the magnetic field is observed about 15 T in the case of an asymmetric laser pulse. Thus, a significant enhancement in the strength of the self-generated magnetic field is observed in case of an asymmetric laser pulse. For asymmetric pulse, ponderomotive force is stronger in comparison to the symmetric pulse, which leads to a strong nonlinear current inside the pulse body. Therefore, the net current driven by the ponderomotive force is stronger, which further leads to enhance the self-generated magnetic field. In the present problem, we used a long laser pulse with pulse width equal to density ramp length so that we can observe magnetic field within the pulse and to avoid the effect of wakefield. If we reduce the pulse length, selfgenerated magnetic field would not be observed due to the narrow plasma inhomogeneity region for a short laser pulse. Since the magnetic field is within the pulse body, the shape of self-generated magnetic field seems in the form of Gaussian pulse. Since the observed magnetic field is within the pulse body, therefore volume of the magnetic field contour should be comparable to laser pulse volume. Observed magnetic field contour is within the pulse not in the back of the pulse; therefore, it is regular within the pulse. Also, the self-generated magnetic field is in perpendicular to the propagation direction of laser pulse. Thus, the transverse magnetic field might improve the injection and trapping mechanism in laser wakefield acceleration.
IV. PIC SIMULATION RESULTS
Here, the nature of self-generated magnetic field is "Quasistatic" which means that the magnetic fields vary on the time scale of the period of laser radiation.
A comparison of nonlinear current density for symmetric and asymmetric pulse is shown in Figures 3(a) and 3(b) , respectively. These simulation results validate the proposed idea for magnetic field enhancement by an asymmetric laser pulse. Fig. 4 illustrates the variation of self-generated magnetic field with normalized laser intensity parameter for symmetric and asymmetric laser pulses. It can be seen that the self-generated magnetic field increases with the intensity of the laser beam. From these results, one may estimate the self-generated magnetic field at a certain laser intensity parameter for a given equilibrium plasma density. The reason to increase in magnetic field with the intensity of the fundamental laser beam is basically the strong nonlinear current density. As the laser intensity increases, the electrons in a plasma experience a comparatively stronger ponderomotive force to push them away. Thus, a stronger nonlinear current contributes in enhancement of the magnetic field strength with the laser intensity. Here, one may observe the negative value of the magnetic field in the tail of the asymmetric pulse (it was not observed in case of symmetric pulse). To equalize the pulse energy in both symmetric and asymmetric case, we have stretched the tail of the asymmetric pulse in the same ratio as it was compressed. Small fraction of the hot electrons at the plasma entrance flown away from the laser in the backward direction which constitute small current at the tail of asymmetric pulse, which further leads to magnetic field with reverse sign in the tail region. However, the strength of this reverse magnetic field is trivial in comparison to the maximum magnetic field obtained from the results. Fig. 5 shows the self-generated magnetic field for different lengths of the density gradient L gd ðlmÞ. A strong magnetic field was observed for a plasma with small density gradient length in comparison to a plasma having large density gradient length. The physics behind this fact can be understood as follows: the net nonlinear current reduces for large density gradient length due to the balance between the forward and return current within the pulse body, which results in reduced magnetic-field. From our results, we also conclude that as the steepness in leading front of laser pulse increases the ponderomotive force becomes more stronger and derives a large nonlinear rotational current. Thus, the magnitude of quasistatic magnetic field increases with pulse asymmetricity.
Findings of our simulations predict that the strength of self-generated magnetic field also depends on the equilibrium plasma density. In Fig. 6 , we show the self-generated magnetic field with the equilibrium plasma density. It is observed that the self-generated magnetic-field increases with plasma density. It is reasonable since the ponderomotive force will evacuate more electrons and large nonlinear current will be produced and hence, a large magnetic field. Therefore, it is possible for us to estimate the magnetic-field by simply seeing the height of equilibrium plasma electron density peak pushed by the asymmetric laser pulse.
V. CONCLUSIONS
In conclusion, we have suggested a way to generate a stronger magnetic field from laser-plasma interactions. Using 2D-PIC simulations, we have investigated the effect of a temporally asymmetric laser pulse on magnetic field generation in a plasma. We found that by considering the temporally asymmetric laser pulse of low intensity, the strength of the self-generated magnetic field can be reached up to a significant level as compared with a symmetric laser pulse. As the rise time of the leading edge of the pulse is much smaller than the fall time of the trailing edge, the laser exerts a strong ponderomotive force on the electrons, imparting to them a larger drift velocity results in a large nonlinear current. And because of the density gradient present inside the plasma, the current density becomes rotational. Therefore, the net current driven by the ponderomotive force is more in case of asymmetric pulse. Hence, a significant enhancement in self-generated magnetic field can be observed for asymmetric pulse in low-intensity regime.
Various effects related to scaling laws of the generated magnetic field such as laser intensity, density scale length, and equilibrium plasma density have also been reported. Our results show that the magnetic-field increases with the laser intensity and the plasma equilibrium density and decreases with the density scale length. Our study might be applicable to improve the accelerated bunch quality in laser wakefield acceleration mechanism. Magnetic injection scheme in laser wakefield acceleration has been proposed earlier by Vieira et al., 3 which states that the use of transverse magnetic field can trigger and control electron self-injection in laser-and particle-beam driven wakefield accelerators. A magnetic field can relax the injection threshold and can be used to control the beam features such as charge, energy, and transverse dynamics in the ion channel associated with the plasma blowout. This work is valid for low-intensity regime (nonrelativistic), where the laser pulse intensity is too low to require the relativistic electron velocity. Thus, the proposal is valid for non-relativistic case. However, this could be emphasized for relativistic case. In that case, the nonlinearity based wakefield effects may be important. And, one needs to measure the magnetic field behind the pulse. Also, the Raman scattering and harmonic generation processes will be initiated in this density range. However, these instabilities require some relaxation time to have a reasonable growth rate. We have used femtosecond pulses for this study. Thus, the magnetic pulse generates before a sustainable growth of these instabilities. 
